The cholinergic and glutamatergic neurotransmission systems are known to be severely disrupted in Alzheimer's disease (AD). GABAergic neurotransmission, in contrast, is generally thought to be well preserved. Evidence from animal models and human postmortem tissue suggest GABAergic remodeling in the AD brain. Nevertheless, there is no information on changes, if any, in the electrophysiological properties of human native GABA receptors as a consequence of AD. To gain such information, we have microtransplanted cell membranes, isolated from temporal cortices of control and AD brains, into Xenopus oocytes, and recorded the electrophysiological activity of the transplanted GABA receptors. We found an age-dependent reduction of GABA currents in the AD brain. This reduction was larger when the AD membranes were obtained from younger subjects. We also found that GABA currents from AD brains have a faster rate of desensitization than those from non-AD brains. Furthermore, GABA receptors from AD brains were slightly, but significantly, less sensitive to GABA than receptors from non-AD brains. The reduction of GABA currents in AD was associated with reductions of mRNA and protein of the principal GABA receptor subunits normally present in the temporal cortex. Pairwise analysis of the transcripts within control and AD groups and analyses of the proportion of GABA receptor subunits revealed down-regulation of α1 and γ2 subunits in AD. In contrast, the proportions of α2, β1, and γ1 transcripts were up-regulated in the AD brains. Our data support a functional remodeling of GABAergic neurotransmission in the human AD brain.
lzheimer's disease (AD) is associated with a widespread loss of synapse density and continuous degeneration of cholinergic and glutamatergic pathways (1) . Although disruption of excitatory pathways is broadly accepted, inhibitory GABAergic pathways are generally thought to be well preserved in AD (reviewed in refs. 2, 3) . GABA receptors (GABA A Rs) are pentameric complexes formed by combinations of α1-6, β1-3, γ1-2, and δ subunits; the specific combination or stoichiometry of the different GABA A R subunits contributes to their cellular localization, pharmacological profile, and function (4) . Early studies of the temporal cortex, an area greatly affected by the neuropathic hallmarks of AD, showed only slight decreases (13-17%) of benzodiazepine binding (2, 5) , suggesting a modest decrease of GABA A Rs in AD. However, unspecific binding of benzodiazepines to voltage-dependent anion channels (6) and to mitochondrial translocator proteins (7) that are increased in AD (8) confound the interpretation of results. Lower levels of GABA A Rsubunits α1, α2, α4, δ, and β2 mRNAs in the prefrontal cortex of AD brains (3) and of α1, α5, and β3 mRNAs in the AD hippocampus (2, 9) suggest that some receptors may have an altered functional profile in AD. Our initial experiments, evaluating the feasibility of recording the activity of native receptors from frozen brains (10) and of studying glutamate receptors in AD (11) , revealed an unexpected and substantial decrease in the amplitude of ionic responses to GABA (i.e., GABA currents) in temporal cortices of AD brains. This reduction was correlated with diminished expression of all GABA transcripts analyzed (α1, α2, α5, β2, β3, γ2) and with decreased α1 subunit protein (11) . However, it remains to be determined how those reductions affected the function of GABA A Rs in cellular membranes. This lack of information is a critical void, considering the correlation between cortical hyperexcitability, the pathological state of patients with AD (12, 13) , and the protective effects of GABA A R agonists against Aβ-induced injury (14) . In the present study, we have extended our previous observations and report clear evidence of functional remodeling of native human GABA A Rs in AD.
Results
Temporal cortices from non-AD cases (i.e., control) and from cases with confirmed diagnosis of AD were provided by the Institute for Brain Aging and Dementia and the University of California, Irvine, Alzheimer's Disease Research Center Tissue Resources (demographic information is shown in Table S1 ).
GABA Receptor Subunits Expressed in AD and Non-AD Brains. The expression of the principal GABA A R subunit mRNAs of the human temporal cortex was evaluated by quantitative PCR (qPCR). Additionally, we evaluated Gephyrin, a marker of GABA A R clustering (15) , and GFAP and S100B as markers of astrogliosis (16) . The expression of α1, α2, β2, β3, α5, γ2, and δ mRNAs was strongly reduced in AD. One pair of samples (C10 and AD4), prepared with a different batch of the kit (iScript; BioRad), had greater total expression than the rest and was excluded from the expression analysis because it artificially increased the difference between the control and the AD groups. After removal of these outliers, there was still a substantial decrease of α1, α2, β2, β3, α5, γ2, and δ mRNAs in AD. The levels of β1, γ1, and ρ1 mRNAs were similar to the control (Fig. 1 ). The levels of GABA A R subunit mRNAs were not correlated with age, postmortem interval (PMI) or storage time (ST). Despite a strong reduction of γ2 mRNA relative expression in the AD group (mean ± SEM, 1.0 ± 0.4; n = 9) compared with that in the control group (12 ± 5.9; n = 7; P = 0.008, Wilcoxon test), Gephyrin was not significantly different between both groups (0.6 ± 0.1 in AD vs. 1.2 ± 0.4 in control; P = 0.36). Similarly, although GFAP and S100B expression increased in AD, this was not statistically significant (40 ± 15 vs. 21 ± 11 for GFAP in AD and control respectively; P = 0.27; 165 ± 37 vs. 97 ± 28 for S100B; P = 0.19). Western blots were done to determine if the levels of α1, β1, γ1, and γ2 mRNAs reflected the amounts of protein in cellular membranes. In agreement with their mRNAs, α1 and γ2 were reduced in AD membranes (P = 0.034 and P = 0.036; n = 4 controls and n = 5 AD; Fig. 1 B and C) and β1 and γ1 were similar to the control (P = 0.36 and P = 0.38). The resilience of β1 and γ1 indicates a changing pool of GABA A R subunits able to coassemble in AD. When we calculated the contribution of each GABA A R subunit to the 100% of GABA A Rs able to coassemble together within Author contributions: A.L., J.M.R.-R., and R.M. designed research, performed research, analyzed data, and wrote the paper.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1204606109/-/DCSupplemental. a single case, we found that α1 and γ2 mRNAs contributed less in AD whereas α2, β1, and γ1 mRNAs were represented more ( Fig. 2  A and B) . As α2, β1, and γ1 are coded in the same chromosomal cluster (17), we investigated the coregulation among them and other GABA A R subunit mRNAs. Pairwise analyses show 15 significant correlations in the control group and only nine in the AD group (Table S2 ). In the control group, mRNAs for the most abundant GABA A R subunits in the adult brain (α1, α2, α5, β1, β3, and γ2) exhibited strong linear correlations (correlation coefficients, r, 0.77-0.99), and all except α5 mRNA covaried linearly with Gephyrin ( Fig. 2 and Table S2 ). In the AD group, despite lower transcriptional expression, the correlations between these GABA A R subunit mRNAs were maintained (r = 0.68-0.96). Moreover, the ratio α1/γ2 in AD (0.39 ± 0.06; n = 9), which are components of the majority of GABA A Rs in vivo (18), was not different from that of the control (0.53 ± 0.07; n = 7; P = 0.34). Nonetheless, we observed important differences in the transcriptional profile of the AD brain. First, γ1 and β1 mRNAs were coregulated in the AD group (r = 0.84; Fig. 2C and Table S2 ) but not in the control group (r = 0.09). Neither γ1 nor β1 mRNAs were correlated with the expression of any of the astrogliosis markers (r < 0.3 in all cases). Second, all correlations between GABA A R subunits and Gephyrin were lost in the AD group. Taken together, these results indicate a selective decrease of GABA A Rs in AD, maintenance of receptors with normal α1/γ2 ratios, and a larger contribution of GABA A Rs containing α2, γ1, and β1. We then explored the functional impact of those changes on the receptors.
Decreased GABA Current Amplitudes in Normal Aging and AD. The microtransplantation method is very convenient for pharmacological and biophysical experiments of human native receptors. However, previous reports mention a large variability in the amplitude of responses among microtransplanted oocytes (10, 11, 19) . Therefore, we determined the response distribution of single brains (SI Results and Fig. S1 ). Although the mean and the median of each distribution were linearly correlated, we chose expressed as a percentage of the reference gene (n = 9 AD and n = 7 control cases; *P < 0.05, **P < 0.01, and ***P < 0.005, Wilcoxon test). Notice the logarithmic ordinate scales. (B and C) Pooled data of the Western blots of the subset of GABA A R subunits shown in B. the median as the "specific" amplitude of the GABA currents of each subject's brain to avoid effects of outliers on the mean. The mean amplitude of specific GABA currents in the AD group was approximately 70% smaller (mean ± SD, 30 ± 19 nA; n = 12 cases; 186 oocytes) than that of the control group (101 ± 76 nA; n = 13 cases; 222 oocytes; P = 0.01, Wilcoxon test; Fig. 3 A and B), confirming previous results (11) . We then determined the intersubject variability among control and AD groups. This variability was larger in the control group than in the AD group (Fig. 3) . Multiple regression analyses indicated that PMI, ST, and sex made negligible contributions to the variance of the specific GABA current amplitude per subject in both groups. However, in the control group, the GABA current amplitude was negatively correlated with aging (r = −0.63; P = 0.02; Fig. 3C ). In AD, no correlation was observed (r = −0.14; P = 0.68). A linear regression model for the amplitude of specific GABA current showed that the diagnosis of AD or lack thereof best explained the difference in amplitude of specific GABA currents (P = 0.006), followed by age (P = 0.02) and by an interaction between age and diagnosis (P = 0.048). Taken together, these factors explained approximately 56% of the variability of GABA current amplitudes in both groups. A consequence of the differential reduction of GABA currents in AD and in normal aging is that the GABA current difference between AD and control decreases as age increases.
Down-Regulation of GABA Currents Is Similar to That of GlutamateCurrents in AD. Among ionotropic glutamate receptors, AMPA receptors play a crucial role in fast excitatory synapses and are very important in the processes of learning and memory. The down-regulation of AMPA receptors in AD, particularly of GluR2-containing receptors, is well documented and is now accepted as evidence of synaptic dysfunction in AD (20, 21) . How does the reduction of GABA currents compare with that of AMPA-type glutamate currents in each subject? If the density and biophysical properties of the GABA A Rs in AD were less affected than those of AMPA-type receptors, the ratio of GABA current to AMPA current would be larger in the AD brains than in control brains. To test this hypothesis, we first determined the expression of GluR2 and GluR3 mRNAs in the control and AD groups. As previously observed, GluR2 mRNA was significantly reduced from 7.3 ± 1.6 (n = 7) in the control group to 2.9 ± 0.54 in the AD group (n = 9; P = 0.026, Wilcoxon test) (11) . In contrast, GluR3 mRNA was not reduced (P = 0.15, Wilcoxon test). Importantly, the mRNA ratios of GABA A R-subunit γ2 to GluR2 and GluR3 subunits (γ2/GluR2 and γ2/GluR3) were lower in the AD group than in the control group (Fig. 4A) , indicating that, in AD, γ2 mRNA is down-regulated even more than GluR2 and GluR3 mRNAs. Neither γ1/GluR3 and γ1/ GluR2 were different between groups (P = 0.19, Wilcoxon test). Native glutamate currents desensitize very rapidly and are difficult to observe without allosteric modulators (11) . Therefore, we determined the ratio of GABA current/AMPA-type current after potentiating glutamate currents with 10 μM cyclothiazide (CTZ), an allosteric modulator that specifically potentiates AMPA-type receptors (22) . The maximal glutamate plus CTZ current was obtained after 80 s preincubation in 10 μM CTZ. The mean glutamate plus CTZ current was approximately 64% smaller in the AD group than in the control group (mean ± SD, 10 ± 9 nA vs. 28 ± 31 nA; P = 0.04, Wilcoxon test), confirming previous results (11) . Glutamate plus CTZ currents also were correlated with age (Fig. S2) . Only experiments in which both GABA currents and glutamate plus CTZ currents were measured in the same oocyte were used to compute the GABA/AMPA ratios. Interestingly, although the mean ratio of the AD group was smaller (3.8 ± 0.5; range, 1.4-6.7; n = 12 cases; 106 oocytes total) than that of the control group (5.1 ± 1.0; range, 2.1-13.2; n = 11 cases; 119 oocytes total), the difference was not statistically significant (P = 0.38, Wilcoxon test; P = 0.23, nested ANOVA of brains within diagnosis to account for inter-and intrasubject variability). These results indicate that the total activity or number of GABA A Rs in the temporal cortex of the AD brain is The mRNA ratios of the GABA A R-subunit γ2 to the GluR2 and GluR3 subunits (γ2/ GluR2 and γ2/GluR3) were lower in the AD group, indicating that in AD the γ2 mRNA is down-regulated more than the GluR2 mRNA (n = 9 ADs, n = 7 controls). (B) Sample currents elicited by 1 mM glutamate plus 10 μM CTZ in oocytes injected with membranes from one control (C3) and one AD (AD3) cases. CTZ was preincubated for 80 s to get maximal response to glutamate. (C) The mean GABA/(Glu plus CTZ) ratio of the AD group, although smaller than the control, was not statistically significant (n = 12 ADs, 106 oocytes; n = 11 controls, 119 oocytes).
down-regulated to a similar extent as the activity or number of AMPA-type glutamate receptors (Fig. 4) .
GABA Current Rundown and Current-Voltage Relationships in Normal
Aging and AD. Decreases of the mRNA and protein of the most abundant GABA A R subunits indicate that the smaller GABA currents of oocytes transplanted with AD membranes are the result of a reduction in the number of receptors. However, changes of GABA potency or altered receptor properties may also contribute to the production of smaller GABA currents. To determine if GABA A Rs in AD had enhanced rundown (23), we applied multiple pulses of 1 mM GABA to oocytes injected with control or AD membranes. There was no difference between the rundown of control and AD oocytes (Fig. 5) . The sixth response to GABA, at 200 s after the first application, was reduced by 23 ± 3% in the control group (n = 9 cases, 50 oocytes) and by 29 ± 3% in the AD group (n = 7 cases, 35 oocytes; P = 0.07, Wilcoxon test; P = 0.18, nested ANOVA). Furthermore, no changes were found in the voltage dependence or in the equilibrium potential of GABA A Rs that could account for the smaller GABA currents from AD brains (Fig. 5) . GABA currents inverted in polarity at membrane potentials of −28.3 ± 1.3 mV in oocytes transplanted with AD membranes (n = 8 cases, 27 oocytes) and −28.2 ± 1.1 mV in the control ones (n = 7 cases, 26 oocytes), with both values near the predicted equilibrium potential of chloride of −32.5 mV in Xenopus oocytes with an external Cl − concentration of 120.6 mM (Ringer solution in the present study) and an internal Cl 
mM (24).
Faster Desensitization of GABA Currents from Temporal Cortices of AD Brains. The increase (10-90%) and decay times (90-20%) of GABA currents were measured during prolonged applications of 1 mM GABA. Fig. 6B shows that GABA currents of oocytes injected with membranes from AD brains appear to activate more slowly (307 ± 33 ms; n = 6 cases; 25 oocytes) than currents from control brains (253 ± 17 ms; n = 8 cases; 46 oocytes), but this difference was not significant (P = 0.33, Wilcoxon test; P = 0.4, nested ANOVA). In contrast, the GABA current decay in oocytes injected with AD membranes was faster (24.2 ± 1.9 s) than that of the controls (30.5 ± 1.7 s; P = 0.028, Wilcoxon test; P = 0.048, nested ANOVA). Neither the increase nor the decay of GABA currents was associated with age, PMI or ST. As the peak of the current was not correlated with its decay, increased desensitization of GABA A Rs cannot account for the smaller GABA currents generated by membranes from AD brains.
Changes in GABA Sensitivity of Receptors Transplanted from
Temporal Cortices of AD Brains. GABA concentration/response curves, from 1 μM to 10 mM, were obtained for each of the AD and control cases. Peak currents to 1 mM GABA were measured before and after testing each sequentially increasing concentration of GABA at 5-min intervals to allow for full recovery of the receptors. Fig. 7B shows the log of EC 50 for each case. The range of the ECs in the control group (82-119 μM) overlapped with that of the AD group (86-152 μM), and the mean EC 50 of the control group was slightly, but statistically significantly, smaller (97 ± 4 μM; n = 9 cases; 33 oocytes) than the EC 50 of the AD group (114 ± 6 μM; n = 10 subjects; 36 oocytes; P = 0.014, Wilcoxon test; P = 0.01, nested ANOVA). Hill numbers for both groups were similar: 1.18 ± 0.03 for the control group and 1.2 ± 0.03 for the AD group. The EC 50 had no correlation with PMI or ST, and it was not correlated with the amplitude of the GABA current. As membranes from each brain contain a heterogeneous mix of GABA A Rs, the concentration/response curve reflects the average of different populations of GABA A Rs. The difference of EC 50 between AD and control may indicate that the proportion of GABA receptors with less sensitivity to GABA is larger in AD brains. To test whether those receptors were up-represented in AD, we applied salicylidene salicylhydrazide (SCS), a specific blocker of GABA A Rs with α2β1γ1 stoichiometry (25) . There was no effect on the GABA responses in any of the oocytes tested (Fig.  S3) , indicating that SCS does not block human GABA receptors of native membranes, or that, if it does, that particular combination was not present in the native control or AD membranes.
Discussion
Our previous studies revealed an unexpected decrease in the amplitude of the GABA currents elicited by GABA receptors transplanted from the temporal cortices of AD brains (10, 11) . Here, we extend those observations and demonstrate that GABAergic signaling is profoundly altered in the AD brain. Moreover, we found that the GABA current amplitude declines with normal aging (65-90 y) and that the GABA current decrease of AD brains is age-dependent. The loss of GABA currents in normal aging and in AD contrast sharply with the longstanding accepted view that GABA receptors are fairly well spared in senescent (26) and AD brains (27) . The decline of GABA currents with aging is consistent with the soma shrinking (28, 29) and marked regressions of dendritic arbors and neuropil complexity observed in cortical areas of aged brains (30) . Moreover, Loerch et al. found that the α1, α5, β3, and γ2 subunit mRNAs were among the most down-regulated transcripts in the human senescent brain (31) . They also found large differences between the temporal age regulation of GABA-related genes of mice, rhesus, and humans; indeed, the comparison between brain cortex of chimpanzees and humans suggests that the marked severity of changes in neocortical structures with aging may be unique to humans (32) . In the case of AD, we observed a reduction of GABA currents throughout all ages. Nevertheless, the difference from the control was greater in younger cases of AD. This result agrees with greater cortical atrophy, hypometabolism (33) , and greater impairment of cognitive functions in patients with early onset of AD compared with patients who develop AD at a later age (34) . The diminished GABA currents in AD cannot be explained by enhanced rundown of GABA A Rs, changes in their equilibrium potential, alterations of voltage/current relationship, or increased desensitization of the currents. Although we cannot exclude that changes in the unitary conductance of GABA A Rs could lead to smaller GABA currents, the reduction of mRNAs for synaptic (α1, α2, β2, β3, and γ2) and extrasynaptic (α5 and δ) GABA A Rs and the lower amounts of protein for α1 and γ2 subunits in microtransplanted cellular membranes support a decrease in the number of GABA A Rs as the cause of smaller GABA currents in AD brains. The profound loss of GABA A Rs in AD is also consistent with a total loss of GABAergic and glutamatergic terminals in perisomatic regions of cortical neurons in contact with neuritic plaques (35) . Interestingly, hippocampal areas largely affected by plaques and tangles show reduced immunoreactivity for α1 and γ2 and upregulation of γ1/3 subunits in the neuropil (9, 36) , changes similar to the subunit expression profile in temporal cortex found in our study. Although principal GABA A R subunits were reduced in the AD brain, Gephyrin was similar between AD and control groups, probably as a result of compensatory increments of Gephyrin at advanced stages of AD (37) . Interestingly, the strong correlations between Gephyrin and GABA A R subunits mRNAs in the control group were lost in the AD group, suggesting disruptions of Gephyrin-dependent clustering of GABA A Rs, and encouraging future studies focusing on the structure of GABAergic synapses in AD. The cellular localization, spatial arrangement, and kinetic and pharmacological properties of GABA A Rs are highly influenced by the stoichiometry of the receptors. The resilience of α2, β1, and γ1 in AD, together with the emergence of coregulation among γ1, β1, and β2, imply changes in the intrinsic properties of the GABA A Rs that should result in atypical GABA signaling. For instance, macroscopic GABA currents from AD brains exhibit faster desensitization and lower GABA sensitivity, indicating an increment in the number of receptors with those characteristics. In agreement with our results, receptors containing α2 and γ1 instead of α1 and γ2 are less sensitive to GABA (38, 39) , and β1 accelerates the desensitization of inhibitory postsynaptic currents in reticular thalamic neurons (40) . Additionally, several pharmacological properties in vivo may change. The increment in γ1-containing GABA A Rs is expected to reduce the sensitivity to benzodiazepines and block the effects of zolpidem (41) , drugs commonly used in clinical practice. Interestingly, benzodiazepine use apparently increases the risk of dementia (42) . Reduction and remodeling of GABA signaling in AD may explain, at least in part, the cortical disinhibition in several areas of the AD brain, leading to hyperexcitability and its correlation with the level of dementia (43) . Future analyses of the pharmacological and physiological consequences of abnormal GABA signaling, together with the precise identification of the cellular localization of abnormal native GABA A Rs in the AD brain, will help to manipulate GABAergic signaling for better treatments of AD.
Materials and Methods qPCR and Protein Analysis of GABA Subunits Expressed in AD and Control
Brains. GABA A R subunit mRNAs were evaluated by qPCR (SI Materials and Methods). iScript (Bio-Rad) was used to obtain cDNA from 4 μg of mRNA (isolated with Oligotex kit; cat. no. 70022; Qiagen). The resulting cDNA was used as a template to perform qPCR in triplicate with the SYBR Green mix from Bio-Rad and an iCycler real-time PCR machine. For data analysis, threshold cycles obtained in qPCR were analyzed with the 2 −ΔCt method (44), which was used to calculate the fold change in gene expression normalized to the endogenous reference gene GAPDH. Nonparametric statistical analyses (45) were performed with JMP software (version 7.0.2; SAS Institute). Western blots to membrane protein preparations were prepared as described elsewhere by using antibodies against α1 and γ1 (Santa Cruz Biotechnology) and β1 and γ2 (Millipore). Band densities were compared by using ImageJ software (National Institutes of Health).
Electrophysiological Recording of Microtransplanted Native Plasma Membranes.
Membranes from human temporal cortices were isolated by using procedures described previously (10, 11, 46) . Fifty nanoliters of a membrane preparation (protein concentration, 1-1.5 mg/mL) were injected into stage V-VI Xenopus oocytes, and, from day 1 to day 3 after injection, membrane currents were recorded from oocytes voltage-clamped at −80 mV. Results are expressed as mean ± SEM unless otherwise stated. SCS was bought from Tocris and the rest of the chemicals were from Sigma-Aldrich.
Analyses of Electrophysiological Data. Evaluation of GABA current of the temporal cortex from a particular brain required several injections of membranes into different batches of oocytes. Therefore, the specific amplitude of GABA currents for a particular brain was taken as the median of the pooled data obtained from different experiments (Fig. S1 ). For comparisons of the amplitude of specific GABA currents between control and AD groups, we used the nonparametric Wilcoxon test and considered differences significant at the level of P < 0.05. Rise and decay times of GABA currents were measured by using Clampfit 10 software. GABA sensitivity (as an EC 50 ) was determined by fitting the logistic equation (OriginPro 8.5) to response/concentration curves:
where x is the concentration of GABA (in M), I is the amplitude of the agonist-response (in nA), and k is the Hill coefficient. Statistical analyses were carried out with JMP software, version 7.0.2. To compare the electrophysiological properties and the EC 50 of AD and control groups, accounting for the intersubject variability and the variability within the same case, we used nested ANOVA analysis of case within diagnosis. for the control and AD groups. These groups were different at the level of P = 0.01 (nested ANOVA) when EC 50 s were nested within brains and when brains were nested within diagnosis (n = 9 control, n = 10 AD; n = 3-5 oocytes per case).
